BACKGROUND: L-Threo-3,4-dihydroxyphenylserine (L-DOPS, droxidopa) is a norepinephrine (NE) prodrug under development to treat orthostatic hypotension. 3,4-Dihydroxyphenylacetaldehyde (DOPAL), an endogenous catecholaldehyde produced by enzymatic oxidative deamination of dopamine, is toxic to catecholaminergic neurons. Based on the observation of increasing plasma DOPAL after oral administration of L-DOPS to a patient, we examined whether other subjects also had DOPAL in their plasma after droxidopa administration, and whether droxidopa is contaminated with DOPAL.
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L-Threo-3,4-dihydroxyphenylserine (droxidopa, L-DOPS) 3 is a norepinephrine (NE) prodrug (1, 2 ) . Just as L-3,4-dihydroxyphenylalanine (levodopa) is converted to dopamine via L-aromatic-amino-acid decarboxylase, droxidopa is converted to NE. After oral droxidopa ingestion, circulating L-DOPS is taken up into cells via the neutral amino acid transporter and decarboxylated enzymatically by L-aromatic-aminoacid decarboxylase, which is abundant in parenchymal cells of organs such as the liver, kidneys, and gut. Since 1989, droxidopa has been marketed in Japan for treatment of Parkinson disease and orthostatic hypotension. For the latter indication, the drug is currently being developed for marketing in the US.
3,4-Dihydroxyphenylacetaldehyde (DOPAL) is an endogenous catecholaldehyde produced by oxidative deamination of dopamine. DOPAL is toxic to catecholaminergic neurons and has been proposed to play a pathogenetic role in Parkinson disease (3, 4 ) .
As part of a clinical research study about hemodynamic, neurochemical, and neurobehavioral effects of droxidopa, we noted that after oral droxidopa administration a patient with Parkinson disease and orthostatic hypotension had progressively increasing plasma DOPAL concentrations, with the DOPAL concentration directly related to the L-DOPS concentration. This led us to examine whether other subjects also had DOPAL in their plasma after droxidopa administration, whether droxidopa is contaminated with DOPAL, and whether droxidopa can be converted nonenzymatically to DOPAL.
Materials and Methods

SUBJECTS
We studied 13 subjects (11 patients, 2 healthy volunteers, mean age 65 years, range 52-83 years, 10 men) in the NIH Clinical Center after they provided written informed consent to a research protocol approved by the National Institute of Neurological Disorders and Stroke Institutional Review Board of intramural NIH. Of the 11 patients, 7 had pure autonomic failure (PAF), 3 Parkinson disease (2 with persistent, consistent orthostatic hypotension), and 1 multiple system atrophy (MSA).
The Parkinson disease patients were not on levodopa at the time of L-DOPS administration. Levodopa had been discontinued at least 3 days beforehand, and baseline plasma dihydroxyphenylalanine (DOPA) concentrations were within normal limits. Levodopa treatment is associated with plasma DOPA concentrations about 1000 times those in untreated patients. Levodopa and drugs that inhibit L-aromatic-aminoacid decarboxylase or catechol-O-methyltransferase were withdrawn throughout the study. For parkinsonism and anxiety related to withdrawal of levodopa, alternative drugs such as serotonin reuptake blockers, antianxiety agents, or dopamine receptor agonists were used at constant doses if needed.
DRUG SOURCES
Avance GmbH provided the droxidopa used in this study under a cooperative research and development agreement. Avance GmbH did not design the study, collect or analyze the data, or write any part of this report. Avance GmbH did provide financial support for neurochemical assays. The provided droxidopa was in capsules (100 mg per capsule) manufactured by Dainippon-Sumitomo Pharma. The active pharmaceutical ingredient was obtained from Patheon.
DOPAL standard was synthesized at the NIH by J. Heredia-Moya in the laboratory of Kenneth Kirk. The amount of synthesized DOPAL could not be quantified precisely, because the standard consisted of a brownish coating on the side of the preparative glass vial rather than crystals or dry powder, and the mass of DOPAL was calculated from the difference in weight between the preweighed empty glass vial and the vial with DOPAL product.
Identity and purity of the DOPAL standard was tested by mass spectroscopy and nuclear magnetic resonance (NMR) at the time of synthesis and confirmed by liquid chromatography with electrochemical detection (LC-ED) and LC-TOF-MS as part of the present study. There were no impurities by LC-ED or NMR. Small additional peaks by LC-TOF-MS probably corresponded to normal, nondestructive, and reversible reaction of an aldehyde. The DOPAL standard was estimated to be at least 95% pure.
STUDY DESIGN
With the subject supine with head on a pillow, an intravenous (IV) catheter was inserted in an arm vein for drawing blood samples. At least 15 min after IV catheter insertion, a 5 mL blood sample was drawn through the IV and transferred to a heparinized glass tube and placed on ice. At about 1000, the patient took droxidopa (4 capsules containing 100 mg each of droxidopa) orally with water. Blood was sampled again at 1, 2, 3, 6, 24, and 48 h after administration of droxidopa. Between evaluation points on the day of drug administration, the IV was usually kept in place, and the subject was allowed to ambu- late and to take a hospital diet; however, the subject lay supine with head on pillow for at least 15 min before blood sampling.
NEUROCHEMICAL ASSAYS
We assayed plasma concentrations of catechols by alumina extraction followed by HPLC with electrochemical detection; coefficients of correlation for the assay have been published (5, 6 ) . Intraassay CVs for L-DOPS ranged from 1%-4%, with a lower limit of detection of about 1 nmol/L.
DROXIDOPA CONVERSION TO DOPAL
We dissolved droxidopa standard in a 20:80 (vol:vol) solution of 0.04 mol/L phosphoric acid:0.2 mol/L acetic acid. We placed aliquots of 2 ng in 20 L in 1.5-mL plastic sample tubes and concentrated them to dryness in a vacuum centrifuge (Vacufuge™ 5301, Eppendorf North America) for 30 min or 1 h at 30°C. We compared the chromatographic results to those of droxidopa standard that had not been incubated or evacuated to dryness. This experiment was done twice on separate days. Droxidopa (2 ng in 20 L) in the same solution was also incubated in a water bath at 37°C for 30 min without vacuum centrifugation.
DATA ANALYSIS AND STATISTICS
We graphed trends over time in plasma concentrations of catechols were graphed and assessed relationships between neurochemical measures by linear regression using Kaleidagraph 4.01 (Synergy Software), with mean (SE) values expressed. Although we expected that droxidopa would increase plasma NE concentrations, we used 2-tailed statistical tests. A P value Ͻ0.05 defined statistical significance. We obtained mass spectrometry data using a Waters LCT Premier TOF system in the negative ionization mode. Flow injections were into a 50/50 mix acetonitrile/water/0.5% acetic acid at 200 L/min.
Results
In a mixture of catechol standards, DOPAL was resolved chromatographically from other catechols (Fig. 1A ). The DOPAL peak had an atypical but characteristic broad, short appearance compared to other peaks.
Droxidopa injected directly into the LC-ED system contained DOPAL (Fig. 1B) . The amount of contamination was 0.01% (100 pmol DOPAL per mol L-DOPS). Other small contaminating peaks were also noted. Contamination by DOPAL was confirmed on direct injection of the active pharmaceutical ingredient (L-DOPS, Patheon). The same amount of contamination was noted whether the L-DOPS was dissolved in the 20:80 mixture of 0.04 mol/L phosphoric acid:0.20 mol/L acetic acid or in acetic acid alone. Neither diluent contained any DOPAL. DOPAL was detected in all 13 subjects at 6 h after droxidopa administration, at plasma concentrations ranging from 0.26 to 4.24 nmol/L (P ϭ 0.0001 by sign test) ( Table 1 ). In the 2 healthy volunteers, DOPAL was detected at only the 6-h time point. In all 7 PAF patients, DOPAL was detected in plasma at both 3 and 6 h after droxidopa administration but not at baseline. In both patients with Parkinson disease and persistent consistent orthostatic hypotension, DOPAL was detected in plasma at baseline and increased by about 70-fold after droxidopa administration ( Fig. 2A, B) .
Across all subjects, the time course of plasma DOPAL concentrations closely paralleled that of L-DOPS (Fig. 2C) . By the 24 h sample, DOPAL concentrations were below the detection limit of the assay (5 ng/L, or about 30 pmol/L) in most subjects. Across the 7 sampling times, plasma DOPAL correlated positively with plasma L-DOPS (r ϭ 0.996).
After droxidopa administration, plasma NE concentrations increased slightly but significantly (Table 1, Fig. 2D ). Across all subjects, the mean increment in plasma DOPAL at 6 h [1.87 (0.37) nmol/L] was more than 4 times the increment in plasma NE [0.39 (0.15) nmol/L, P ϭ 0.001 by 2-tailed dependent-means t-test].
Vacuum centrifugation of droxidopa in acidic solution at 30°C for 30 min resulted in a substantial decrease in the peak height of L-DOPS and appearance of a DOPAL peak (Fig. 3) , demonstrating nonenzymatic conversion. After vacuum centrifugation for 1 h, there was no detectable L-DOPS, and there was a larger DOPAL peak.
From ratios of peak heights and peak areas, 0.73 ng (4.8 pmol) of DOPAL was generated from 1.0 ng (4.7 pmol) of L-DOPS-i.e., approximately all the droxidopa was converted to DOPAL. These findings were confirmed in the same experiment conducted on the active pharmaceutical ingredient (L-DOPS) obtained from a different source. Incubation of droxidopa at 37°C in a water bath for 30 min decreased the L-DOPS peak height but without production of DOPAL.
Fig. 2. Plasma concentrations of L-DOPS (E) and DOPAL (f) as a function of time after oral administration of droxidopa (400 mg) in 2 patients (A and B) with Parkinson disease and orthostatic hypotension. (C), Plasma mean (SE) concentrations of L-DOPS (E) and DOPAL (F) as a function of time after oral administration of droxidopa (400 mg). (D), Mean (SE) plasma concentrations of NE (E) and DOPAL (F) as a function of time after oral administration of droxidopa (400 mg).
Under the same conditions, catecholamines were also found to be susceptible to nonenzymatic conversion to DOPAL. The conversion was far more extensive for norepinephrine and epinephrine, which contain a ␤-hydroxyl group, than for dopamine, which does not. Analogously, L-DOPS, which contains a ␤-hydroxyl group, was more susceptible to conversion to DOPAL than was levodopa, which does not. When catecholamines were dissolved in acetic acid without phosphoric acid and subjected to vacuum concentration at 30°C, there was little or no conversion to DOPAL.
The identity of DOPAL as the standard and as the compound produced in the vacuum concentration experiment was confirmed by LC-TOF-MS (Fig. 4) . The upper spectrum is that of the DOPAL standard, confirming unequivocally that the compound was indeed DOPAL. The lower spectrum is that of L-DOPS after vacuum concentration in the acid solution for 1 h, demonstrating that the vacuum concentration of L-DOPS led to formation of a compound identical in molecular weight and chemical composition to DOPAL standard.
Discussion
Droxidopa is under development as a norepinephrine prodrug to treat orthostatic hypotension. Here we report that droxidopa contains a trace amount of DOPAL, that in humans DOPAL is detected consistently in plasma at 6 h after oral droxidopa administration, and that droxidopa in an acidic solution can be extensively converted to DOPAL nonenzymatically.
The contamination of droxidopa by DOPAL was not because of an atypical batch of drug. Review of chromatographic recordings from assays several years ago of plasma from patients who had received 1600 mg droxidopa (1 ) also revealed peaks resembling DOPAL (unpublished observations). Moreover, contamination by DOPAL was confirmed on direct injection of the active pharmaceutical ingredient obtained from a different source several months after the clinical study.
Catecholamines in the neuronal cytoplasm normally undergo enzymatic oxidative deamination catalyzed by monoamine oxidase to form catecholaldehydes, which are cytotoxic, as predicted by Blaschko more than a half century ago (7 ). Because cat- echolamines leak continuously from storage vesicles into the cytoplasm, endogenous catecholaldehydes are produced continuously during life. According to the "catecholaldehyde hypothesis," processes that build up cytoplasmic dopamine or that interfere with DOPAL detoxification by aldehyde dehydrogenase result in DOPAL-mediated cell death.
That DOPAL is toxic has been documented in several studies. Incubation of PC-12 rat pheochromocytoma cells with DOPAL produces several signs of cytotoxicity (8, 9 ) . Local administration of DOPAL destroys substantia nigra neurons (4 ); however, subacute neuropharmacologic manipulations expected to increase striatal DOPAL generation do not affect local dopaminergic innervation (10 ) . In SH-SY5Y neuroblastoma cells, exposure to exogenous dopamine generates DOPAL (11 ) , and ALDH inhibition by disulfiram augments dopamine-related cytotoxicity in this setting (11 ) .
The plasma DOPAL concentration required to exert clinical toxicity is unknown. A search of the literature via PubMed culled only 84 citations about DOPAL or dihydroxyphenylacetaldehyde, only a handful of studies related to DOPAL toxicity, and none about clinical toxicology of this catecholaldehyde. In PC-12 cells, DOPAL at micromolar concentrations (about 500 times the peak concentrations in the present study) causes degeneration of neuritic processes, evokes nonexocytotic dopamine release, and reduces the percent of viable cells (8, 9, 12 ) . In silico DOPAL at similar concentrations oligomerizes ␣-synuclein (13 ) . DOPAL injected into the substantia nigra of rats at a dose of 1 g of evokes ␣-synuclein oligomerization, and local microinjection of DOPAL at 0.2 g (about 1 nmol) decreases tyrosine hydroxylase immunoreactivity in the substantia nigra (13 ) . In rats, a combination of levodopa, benserazide, and disulfiram injected intraperitoneally increases striatal contents of DOPAL to about 2 Calc., calculated; mDa, millidaltons; PPM, parts per million; DBE, double bond equivalents. i-Fit TM is an embedded software algorithm of Waters Corp., for isotope prediction applied to elemental composition analysis.
ng/mg protein (about 13 pmol/mg), without a semichronic effect on striatal dopamine contents after repeated injections (10 ) .
After vacuum concentration of droxidopa in a 20:80 mixture of 0.04 mol/L phosphoric acid:0.20 mol/L acetic acid at 30°Cfor 1 h, no detectable L-DOPS remained. The L-DOPS had been converted completely to DOPAL, as confirmed by LC-TOF-MS. The same experiment conducted on the active pharmaceutical ingredient also showed loss of L-DOPS and conversion to DOPAL. We infer that droxidopa is unstable and can be broken down readily to DOPAL when in this acidic solution at low ambient oxygen concentration and tepid temperature. Based on the findings from vacuum concentration of catecholamines, it appears that the conversion of L-DOPS to DOPAL involves an interaction between phosphoric acid and the ␤-hydroxyl group.
Contamination of droxidopa by DOPAL should be preventable. Because DOPAL is retained much longer on a reversed-phase chromatographic column than is L-DOPS, collection of the early-retaining L-DOPS peak from a preparative chromatographic column should eliminate the contamination. Given the results of the vacuum concentration experiment, however, it is possible that even purified droxidopa may be susceptible to nonenzymatic or enzymatic breakdown after oral ingestion.
Both of the patients with Parkinson disease and orthostatic hypotension in the clinical study had detectable DOPAL in plasma before droxidopa administration. In these patients, plasma DOPAL increased substantially after droxidopa administration. The findings lead us to speculate that such patients may have decreased aldehyde dehydrogenase activity, resulting in DOPAL buildup after taking droxidopa. 
